Abstract
Introduction
Cancer is one of the major diseases to cause significant human death per year; therefore, a lot of research efforts have been spent to improve the healing rates. Current therapeutic strategy of cancer treatment is mostly relied on the induction of apoptosis in cancer cells using chemotherapeutic agents. Apoptosis is a cellular process involving series of genetically programmed events leading to cell death, which included the release of caspase activators such as cytochrome c, the change of electron transport, and the loss of mitochondrial membrane potential (ΔΨm) (MMP) [1] . One of the critical processes involved is the increase in the formation of mitochondrial permeability transition pore allowing the transport of cytochrome c out of the cytosol [2] . Subsequently, a series of caspase reactions are triggered causing apoptosis [3] .
Cisplatin is one of the important chemotherapeutic drugs having high level and broad spectrum of antitumor activity commonly used to treat various human cancers [4] . However, the efficacy of Cisplatin is limited by its toxic side effects and tumor resistance leading to secondary malignancies [5] . Exposure to Cisplatin increased the intracellular reactive oxygen species (ROS) generation in various cancer cells [6] [7] [8] [9] dose-dependently [10] , and changed the Ivyspring International Publisher MMP [8] leading to the cisplatin-induced cell senescence [9] . Using ROS scavenger N-acetyl-Lcysteine decreasing the ROS level [11] would alleviate the subsequent cell senescence [9, [12] [13] , while the pretreatment of substance increasing the ROS level would potentiate the chemotherapeutic effect of Cisplatin [14] . The induced ROS by Cisplatin was mitochondrial dependent and caused DNA damage. Although the production of ROS did not correlate with the amount of Cisplatin-induced DNA damage [15] , ROS was shown to trigger cell death via the ROS mediated induced apoptotic pathways that included the down-regulation of anti-apoptotic protein Bcl-2 [12] , activation of caspase 3 and 9 [6] , phosphorylation of JNK and p38 [16] , and suppression of MRP1 expression [14] .
Cancer cells was found to re-engineer their cellular metabolism in order to improve their survival at adverse condition e.g. hypoxia [17] . It was called Warburg effect [17] , in which the rate of glycolysis and the formation of lactate in cancer cells increased [17] in order to promote the ATP production and the recycle of NAD + from NADH [17] respectively. Drastic decrease in pH of the microenvironment surrounding the cancer cells was developed inhibiting the growth of neighboring normal cells [17] . Resistant cancer cells were reported to have the uncoupling protein complex II (UCP2) up-regulated [18] , in which the UCP2 promoted the antioxidative proton leak leading to the reduction of ROS [19] in various cancer cells, including leukemia, ovarian, bladder, esophagus, testicular, colorectal, kidney, pancreatic, lung and prostate tumors.
Genipin is an iridoid glycoside component extracted from Gardenia jasminoides Ellis fruit, and also herbal medicine used long time ago to treat hepatic disorders [20] . Genipin has shown diverse pharmacological activities, such as anti-inflammatory [21] [22] , anti-oxidative [23] [24] [25] , anti-tumor [20, 26] , anti-diabetic [27] [28] [29] , anti-angiogenic activities [30] and antidepressive activities [16] .
Recently, Genipin was demonstrated to be the specific UCP2 inhibitor [18] , and was able to sensitize drug-resistant leukemia cells to anthracyclin [15] . The use of Genipin to block the UCP2-mediated proton leak was found to enhance the therapeutic treatment of diabetes [31] , and also inhibit the growth of pancreatic adenocarcinoma [32] . However, differential effects of Genipin were reported in studies, including the down-regulation of UCP2 expression in breast cells [18] , and the up-regulation in HepG2 cell lines of hepatocytic steatosis [25] . Genipin improved the insulin sensitivity in pancreatic islet cells by regulating the mitochondrial function [27] , inhibited ROS overproduction, and alleviated MMP and ATP reduction [27] . On the other hand, Genipin increased ROS and ROS-induced NAPDH-oxidase (NOX) production, triggering apoptosis in gastric cancer cells [33] and in human non-small-cell lung cancer H1299 cells [34] . Genipin's action on ROS production and regulation of UCP2 expression seemed to be determined by the type of experiments and cells.
As Genipin was demonstrated to be the specific UCP2 inhibitor [18] , reduction of UCP2 overexpression in cancer cells is anticipated likely to improve the chemotherapeutic treatment. In this study, we would investigate the potentiation effect of Genipin to Cisplatin in HCT-116 colon cancer cells and its co-treatment methods. Experimental studies would investigate the temporal effect of Genipin and Cisplatin to ROS production, MMP and current production, and their relationships with the potentiation of Genipin to the chemotherapeutic effect of Cisplatin. Using the technique of microbial fuel cell (MFC), electric current could be measured from mammalian cells [35] , in which cancer cells were found to produce much higher currents [36] . Proton leaking [35] and the expression of UCP2 [36] in cells was found to influence the magnitude of electric current production from cells. The electron and proton leaking from electron transport chain (ETC) was associated with the generation of electric current in MFC [35] [36] . Therefore, the use of MFC technique to study the chemotherapeutic effect of drug would provide additional information on the physiological changes in cells.
Materials and Method

Materials & Reagents
All the chemicals used in the experiments were at analytical grade. Hepes was purchased from Yuanye Bio-Technology Co., Ltd, Shanghai; Collagenase IV from Biotech Grade; Percoll from BIOSHARP, Pharmacia; Protonophore 2.4-dinitrophenol (DNP) from Dong Fang Hua Gong (China); ATP synthase inhibitor Resveratrol (RVT) from Sigma, USA. Genipin obtained from ShangHai Yuanye Biological Technology (Shanghai, China) was white crystalline solid stored in the dark at -20°C. 2 mg of Genipin was dissolved into 10 ml DMEM as stock solution and the stock solution was diluted with DEME to 20 µM and 40 µM with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin. Cisplatin obtained from HanXiang Biological Technology (Shanghai, China) was yellow powder stored in the dark at -20°C. 3 mg of Cisplatin was dissolved into 10 ml DMEM as stock solution. The stock solution was diluted with DMEM to 25, 50 or 100 µM with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin. All the prepared chemicals were stored in the dark at -20°C.
Culture of cancer cells
The colon cancer cells HCT-116 were cultured as in the previous studies [36] .
Measure electric current produced from different cells with MFC
Similar to our previous studies [36] , colon cancer cells (1x10 6 cells/ml) would be put in the anode of MFC for the current measurement.
The initial 10 minute measurement was used as the baseline value. The change in current production was calculated by subtracting the 10 minute current value measured after the addition of chemical with the 10 minute baseline value. The values from minute 6 to 10 were averaged to obtain the average electric current change.
JC-1 Mitochondrial Membrane Potential Assay
Kit was used as in the previous studies [36] . Cell density of 5 x 10 5 cells /ml. was used. 0.1%DMSO was used as control for RVT and DNP, while PBS was used as control for Genipin and Cisplatin.
Reactive Oxygen Species (ROS) Assay
Using DHE with cell density of 5 x 10 5 cells /ml for ROS assay [36] .
Cell viability
The method using Propidium Iodide (PI) and Hoechst 3342 (HO342) with cell density of 6 x 10 4 /well was used [36] . Cells were pretreated with 20 or 40 µM Genipin, UCP2-siRNA or random-siRNA, for 24 hour, followed by the treatment of 25, 50, or 100 µM cisplatin for another 24 hour.
Cell transfection
HCT-116 cells of density at 4x 10 4 /well in 48-well plate without penicillin were were transfected with combination of Lipofectamine 2000 Transfection Reagent and siRNA. Diluted 3 µl lipofectamine 2000 Transfection Reagent (Life Technologies Corporation, Guangzhou, China) and 80 pmol UCP2-siRNA or random-siRNA in 1 ml DEME (without penicillin and serum) and incubated at room temperature for 20 min. The cells were rinsed with PBS twice. The mixture of 2000 Transfection Reagent and siRNA was added and incubated for 5-6 hours. After 24 hour, the cells were treated with 25, 50, or 100 µM Cisplatin.
UCP2-siRNA (5#-GAACGGGACACCUUUAGA Gtt-3#) and random-siRNA (5#-UUCUCCGAACGU GUCACGUtt-3#) were dry powder (1 OD per tube), designed by ShanJing Biological Technology (Shanghai, China). One OD siRNA in a tube was dissolved in 125 ml DEPC-H2O to form 20pmol/µl stock solution stored at -20°C before use.
Biostatistics
T.Test function in EXCEL was used to return the probability of Student t.test in the calculation of significances between treatment groups. 
Results
Cisplatin reduced the cell viability of HCT-116 colon cancer cells dose-dependently (Figure 2a ) [10] . Genipin did not decrease the cell viability (Figure 2a ), but potentiated the Cisplatin induced cell death in HCT-116 colon cancer cells (Figure 2a ). Higher the Genipin concentration used in the co-treatment, better the potentiation effect was observed (Figure 2a ). Co-treatment of Cisplatin with UCP2-siRNA was better than the random siRNA in reducing the cell viability ( Figure 2a ).
In the present study, Genipin was added before the Cisplatin in treating the colon cancer cells. Data showed that using 40 µM Genipin to pretreat the cancer cells for 24 hours, the sequential addition of 25 µM Cisplatin could reduce the cell viability at 67.76±11.01% (mean±SE). When Genipin and Cisplatin were used to treat the cancer cells at the same time, i.e. to decrease the pretreatment time of Genipin from 24 hours to 0 hour, the therapeutic effectiveness of Cisplatin was significantly promoted (Figure 2a ) with the cell viability at 32.18±10.45% that was significantly more effective than that of the 24 hours co-treatment protocol (**P=0.010). Cisplatin elevated the intracellular ROS level [11] of HCT-116 colon cancer cells dose-dependently [10] (Figure 2b) . Pretreatment of Genipin for 24 hours did not largely increase the ROS, but promoted the Cisplatin-induced ROS production. Higher the Genipin concentration used in the co-treatment, higher level of ROS promotion was observed accompanying with the increase in cell death ( Figure  2a,b) . Similarly, pretreatment with UCP2-siRNA promoted the Cisplatin induced ROS and cell death (Figure 2a,b) . ROS levels in the treatment groups with Cisplatin alone or co-treatment with Genipin negatively correlated with the cell viability ( Figure  3a) . Similar pattern of negative correlation was also observed in the co-treatment with UCP2-siRNA (Figure 3b) . Although both Genipin and Cisplatin increased ROS almost dose-dependently (Figure 4a, 4b) , the time taken to accumulate significant amount of ROS seemed to be different between Genipin and Cisplatin. Cisplatin took 24 hours to generate significant amount of ROS (Figure 4a ) [8] , while Genipin generated maximal level of ROS at 10 min and remained the same at 24 hours (Figure 4b) . 24 hour Cisplatin treatment decreased MMP, in particular at high concentration of 100 µM Cisplatin (Figure 5a ), which accompanied with high cell death (Figure 2a ) [37] . The MMP of treated cancer cells at the same cell viability was found to be higher in the co-treatment group of Genipin and Cisplatin than that treated with Cisplatin alone (Figure 5b Treatment of 40µM Genipin in HCT-116 colon cancer cells significantly decreased the average electric current change (Table 1) , while 20 ppm DNP or 20 ppm RVT significantly increased it (Table 1) . Treating the cancer cells 10 min with 25 µM Cisplatin was found to significantly increase the electric current production, and abolished the subsequent cell response to DNP in increasing the electric current production (Table 1) , while such a low dose could not induce significant cell death (Figure 2a (Table 1) .
Cisplatin induced ROS generation in plate condition was significantly reduced in MFC condition (Table 2 ). 10 min Genipin and Cisplatin co-treatment in plate condition produced higher level of ROS than that of the corresponding group treated with Cisplatin alone (Table 2) . 
Discussion
Genipin potentiated Cisplatin's induced cell death via ROS production
Cisplatin is an important drug used to treat various types of cancers and reduced the cell viability of HCT-116 colon cancer cells dose-dependently (Figure 2a ) [10] . However Cisplatin-induced toxic side effect and the resistance developed in cancer cells limited its applications [5] . Previous studies indicated that co-treatment of Cisplatin with some other chemicals, e.g. L-buthionine sulfoximine [38] , oxamate and galloflavin [39] , would promote the cytotoxicity and decrease the amount of Cisplatin used in the treatment alleviating the toxic side effect without scarifying the therapeutic efficacy.
The mechanisms of drug resistance are complex and not fully clear [40] . Resistant cancer cells were found to upregulate the UCP2 protein in ETC [18] . Therefore, using Genipin to suppress the UCP2-mediated [18, 36] anti-oxidative effect [10, 41, 42] were anticipated to potentiate the Cisplatin's cytotoxicity to cancer cells. Similar potentiation effect observed in UCP2-siRNA co-treatment further supported the notion of UCP2 inhibition in potentiating the cytotoxicity of Cisplatin in HCT-116 colon cancer cells.
Although complete prevention of ROS generation e.g. by inhibiting complex I in ETC and inhibiting GSH reductase could not prevent the Cisplatin-induced cell death [43] , it led to the question if ROS generation was the direct cause of Cisplatin-induced cell death. No matter it is a direct cause or not, links between ROS generation and cisplatin-induced accelerated senescence were observed and confirmed [9] , in which Cisplatin elevated ROS generation inducing subsequent cell senescence via various pathways, e.g. phosphorylation of JNK and p38 [16] , ROS-mediated suppression of MRP1 expression [14] , activated caspase 3 and 9 [6] , eventually leading to the apoptosis of cells. The negative correlation between ROS and cell viability observed in the present studies highly supported ROS generation was one of the major determinant factors in Cisplatin-induced cell death.
The reduction of UCP2-mediated antioxidant effect promoted the formation of ROS at high dose of Genipin [44] , which contributed the Genipin-induced cell death in gastric cancer cell lines [33] , hepatoma cells and PC3 human prostate cancer cell [26] . The potentiation effect of Genipin to the cytotoxicity of Cisplatin was likely via the reduction of UCP2-mediated antioxidative effect, enhancing the Cisplatin induced ROS generation [45] and triggering the subsequent ROS-mediated cell senescence.
Interaction of leaked electron with Cisplatin in ROS generation
As ATP production was impaired in mitochondria of cancer cells [17] , mitochondrial dysfunction in cancer cells was then implicated [46] . However, our studies [35, 36] have observed extremely high mitochondrial activities occurring in cancers cells, in which significant amount of proton leak and electric current produced from cancer cells was observed [35, 36] . The electric current production in cancer cells was much higher than that of the normal cells [35, 36] and the high electric current was associated with the proton leak from the overexpressed UCP2 in cancer cells [36] . Although significant amount of electron and proton flow to ETC was observed, the proton did not pass through the ATP synthase to power the production of ATP in cancer cells [41] . Instead, proton was leaked via the UCP2 to mitochondrial matrix [36] . The proton leak from UCP2 in cancer cell did not only provide high anti-oxidative effect to protect the cancer cells against chemotherapeutic agent causing drug resistance [15] , it also recycled NAD + to maintain its availability for other biochemical process, e.g. glycolysis. Therefore, the mitochondrial function in cancer cells seemed to be altered but not totally dysfunction.
Using the technique of MFC, electric current production from cells could be measured [35, 36] , in which the electric current was contributed from the electron leak from ETC in mitochondria. Previous studies [35, 36] have also observed proton leak would promote the electric current production via maintaining the charge balance to enhance the further electron leak [35, 36] . Therefore, DNP and RVT promoting the proton leak in cells increased the electric current production, while Genipin inhibiting UCP2 proton leak decreased the electric current [36] .
Cisplatin was found to uncouple the ETC to promote electron and proton leak leading to the increase in electric current production in cancer cells. The presence of Cisplatin inhibited the uncoupling of DNP in promoting electric current, which indicated Cisplatin was a stronger uncoupler than DNP. When the concentration of Cisplatin dropped to low level after 24 hours, inhibition to DNP decreased and the cells were found to respond to DNP again in increasing the electric current production ( Table 1) . As the uncoupling mechanism of DNP was not associated with UCP2 [36] , the inhibition of UCP2 by Genipin did not affect the uncoupling of DNP in increasing the electric current production [36] . Addition of Genipin to Cisplatin only slightly decreased the electric current production (Table 1) , which suggested the uncoupling mechanism Cisplatin in HCT-116 colon cancer cells similar to that of DNP [47] .
As Cisplatin reduced the activities of complexes I to IV in ETC, [43] leading to the reduction of proton and electron flow and decreasing the electric current production. The reduction of electron flow explained why a stronger un-coupler Cisplatin generated a smaller electric current than that of DNP in control cells, and why RVT effect in promoting electric current production [36] via the inhibition of ATP synthase was reduced in the presence of Cisplatin [36] . As the ETC activities were already suppressed by Cisplatin, further inhibition of ETC activities might not produce significant effect.
Theoretically, decreased electron flow to ETC would reduce the ROS production in general [48] , but Cisplatin effect in ROS generation was still strong to induce significant ROS production (Figure 2b) . The interaction of Cisplatin with the leaked electron might be crucial in ROS generation, probably via the production of hydroxyl radical [49] . When the in situ staying time of leaked electron was decreased by detouring to MFC, the chance of it to interact with Cisplatin was alleviated leading to ROS reduction. It was consistent to the previous observation that inhibition of NAD(P)H oxidase with diphenyleniodonium chloride or apocynin decreasing the electron flow to ETC prevented the cisplatin-related ROS generation and subsequent cell death [50] [51] [52] , while inhibition of Lactate dehydrogenase with oxamate and galloflavin increased it [39] . In order to enhance the recycling of NAD + , the inhibition of lactate dehydrogenase might promote the ETC activities to enhance the recycling of NAD + . The increased electron flow to ETC might explain the ROS elevation via the promotion of interaction probability between Cisplatin and leaked electron. Genipin's action in decreasing the UCP2-mediated proton leak [41] or increasing the reverse electron transfer back to complex I [53] to promote the electron leak also allowed more opportunity for the interaction between the leaked electron and Cisplatin, resulting a significant increase in the Cisplatin-induced ROS.
Temporal differences between the action of Genipin and Cisplatin
Different co-treatment methods used for Genipin and Cisplatin was found to affect the therapeutic efficacy in treating HCT-116 colon cancer cells. Results indicated the temporal effect of Genipin was crucial in the potentiation of cytotoxicity of Cisplatin in HCT-116 colon cancer cells. In the present study, the low dose of Genipin treatment did not significantly affect the cell viability of HCT-116 colon cancer cells (Figure 2a ) from 0 to 24 hours, but changes of MMP without affecting the cell viability were observed after the 24 hours treatment. During the initial treatment of Genipin, MMP was increased in a dose-dependent manner, which was likely contributed by the blocking of UCP2 causing the accumulation of proton in the inner membrane to increase the MMP [18] . However, after the cells were treated with Genipin for 24 hours, MMP was decreased dose-dependently. As the cell viability was not affected by the Genipin treatment, the decrease in MMP at 24 hours was likely contributed by the physiological changes induced by Genipin treatment. Previous studies reported that Genipin treatment would up-regulate the UCP2 mediated proton leak [25] . When the proton leak reduced the proton accumulation in the inner membrane, it contributed to the subsequent decrease in MMP. For Cisplatin treatment, the decrease in MMP was likely contributed by the induced cell death. As the induced cell death would take a relatively longer time, it explained the reason why the Cisplatin treated cells took 24 hours to decrease the MMP.
Similarly, temporal difference in ROS generation between Genipin and Cisplatin was observed. Although both Genipin and Cisplatin increased ROS almost dose-dependently, the time taken to accumulate significant amount of ROS in HCT-116 colon cancer cells seemed to be different between Genipin and Cisplatin. The effect of Genipin in ROS generation reached the maximal level after 10 min and remained the same at 24 hours, while that of Cisplatin took 24 hours, more obvious at 100 µM Cisplatin [8] .
Although Cisplatin was effective in generating ROS, as revealed in the present study, the interaction with the leaked electron seemed to be crucial in ROS production. As UCP2 was found to be upregulated in cancer cells [18] , it promoted the antioxidant effect offered from the proton leak at UCP2 [19] , which would likely prevent the leaked electron from interacting with Cisplatin. It might explain why Cisplatin has to take relatively long time to accumulate enough ROS and induced cell death that was reflected in their low MMP. When Genipin was used to block the UCP2-mediated proton leak [18] , it increased the chance of Cisplatin interacting with leaked electrons, which promoted the Cisplatin-induced ROS formation [44, 45] and subsequent cell death.
Owing to the compensatory effect induced by Genipin treatment in up-regulating the UCP2 expression with time [54, 55] , it would increase the anti-oxidative UCP2-mediated proton leak decreased the Cisplatin-induced ROS and cell death. Therefore, shorter the Genipin pretreatment time seemed to be more effective than the longer one in potentiating the cytotoxicity of Cisplatin in HCT-116 colon cancer cells.
Conclusions
Cisplatin induced ROS generation negatively correlated with the cell viability of HCT-116 colon cancer cells, in which the interaction of Cisplatin with leaked electron in ETC seemed to be important. Detouring the leaked electron to MFC decreased the Cisplatin induced ROS. Cisplatin induced ROS formation was slow, which might be contributed by both lowering ETC activities by Cisplatin and high UCP2 antioxidant effect in cancer cells reducing the interaction time between Cisplatin and the leaked electron. Inhibition of the UCP2-mediated proton leak by Genipin promoted the ROS formation and potentiated the cytotoxicity of Cisplatin. However, the potentiation was reduced with time because of the compensatory effect induced by Genipin, shorter the Genipin pretreatment was better in potentiating the cytotoxicity of Cisplatin in HCT-116 colon cancer cells. 
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